We obtain the Lifshitz UV completion in a specific model for z = 2 Lifshitz geometries. We use a vielbein formalism which enables identification of all the sources as leading components of well-chosen bulk fields. We show that the geometry induced from the bulk onto the boundary is a novel extension of Newton-Cartan geometry with a specific torsion tensor. We explicitly compute all the vevs including the boundary stress-energy tensor and their Ward identities. After using local symmetries/Ward identities the system exhibits 6+6 sources and vevs. The FG expansion exhibits, however, an additional free function which is related to an irrelevant operator whose source has been turned off. We show that this is related to a second UV completion.
Introduction. The field of gauge/gravity duality has witnessed the rise of a new paradigm in the form of the AdS/CMT correspondence. By and large the focus of this line of research has been on systems that are described by some strongly coupled CFT. There are however many systems that in the neighborhood of some quantum critical regime are well-described by a scale invariant theory with dynamical exponent z > 1. Such systems are typically invariant under the Lifshitz symmetry group that contains z-dependent scale transformations, space-time translations and spatial rotations. The spacetime that has these symmetries as its isometries is known as the Lifshitz space-time and the goal is to develop holographic techniques for space-times that become Lifshitz in some asymptotic region [1, 2] .
An important objective in this endeavour is the computation of quantities like boundary correlators in various asymptotically Lifshitz backgrounds such as Lifshitz black holes. This requires that we have an understanding of the boundary geometry and that we control the solutions to the equations of motion near the boundary (in the spirit of Fefferman-Graham (FG) expansions) in order to apply the usual holographic correspondence in which the boundary values of the bulk fields act as sources in the dual field theory partition function. So far, one has almost exclusively studied such questions in the context of the massive vector model [3] [4] [5] [6] [7] because it is simple in matter content (metric and massive vector) and rich in solutions (all values of z > 1 can be accounted for). However the analogue FG expansions have proven hard to obtain and consequently many features of Lifshitz holography have remained elusive.
The purpose of this letter is to solve this problem in a specific z = 2 Lifshitz model, allowing to explicitly address the holographic dictionary, including the corresponding boundary geometry, the identification of sources+vevs and computation of Ward identities. While being the first example that allows such detailed analysis, it is expected that some of the results and methods, in particular the appearance of TNC (torsional NewtonCartan) geometry on the boundary, may serve as important input in the treatment of more general Lifshitz models. The advantage of focussing on z = 2 is that one avoids having to derive the full space of asymptotic solutions to the equations of motion since a z = 2 Lifshitz space-time can be uplifted to an asymptotically AdS space-time in one dimension higher [8, 9] . This observation has led one to look for Lagrangians that in 4 dimensions admit z = 2 Lifshitz solutions and that can be uplifted to 5 dimensions where they admit asymptotically AdS solutions [10] [11] [12] . The idea is then to construct the FG expansions of the solutions in 5 dimensions and to reduce this to 4 dimensions. A first step in this direction was taken in [13] where the focus was on deriving the counterterms in 4 dimensions. The Model. More concretely we study the following model
where the 5D bulk LagrangianL (5) readŝ
and where the counterterm action (we use minimal subtraction) is
in whichL (4) is the 4D version ofL (5) with metricĥâb defined via dŝ 2 = r −2 dr 2 +ĥâbdxâdxb and whereÂ is an anomaly counterterm whose explicit form we do not need. Our notation is as follows: 5D quantities/indices are hatted while 4D quanties do not have a hat. Further, a, b-type indices refer to the boundary spacetime and underlined indices denote tangent space.
The FG expansion of the solution to the equation of motion near the boundary at r = 0 is given by [13, 14] 
whereX stands for any of the fieldsĥâb,φ,χ and wherê λ = 2, 0, 0, respectively. TheX (4) coefficients contain the vevs, i.e. symbolicallŷ
Here, the vevs are defined in the usual way as
where κ ≡ −κ (1) and they satisfy the following Ward identitiestââ
withÂ (0) the leading term inÂ. Here we will not need the explicit form ofÂ (0) (for this see [15] ). Reduction and Sources. As shown in [13] there is a subet of the full set of solutions of the 5D theory that can be reduced to 4D asymptotically Lifshitz geometries. This subset involves a Scherk-Schwarz reduction in which the 5D axion has the formχ = ku + χ with χ a 4D axion and where u ∼ u+2πL parametrizes the reduction circle. All other fields satisfy the ordinary Kaluza-Klein (KK) ansatz for a circle reduction. We write the 4D Einstein frame metric in vielbein basis as follows
where i = 1, 2. Defining 5D vielbeins as followsĥâb =
, the KK ansatz readŝ
where A µ is the 4D bulk gauge field with A r = 0. For k = 0 the set of 4D solutions consists of two branches: i). those that are asymptotically Lifshitz and ii). those that are asymptotically conformally AdS [16] with hyperscaling exponent θ = −1 [17, 18] . From a 5D perspective the former has the constraintĥ (0)uu = 0 and the latter hasĥ (0)uu > 0. When we takeĥ (0)uu = 0 the leading behavior of the bulk fields reads
and the constraintĥ (0)uu = 0 becomes and e a (0)i defined via
We then transform from frame to coordinate components on the boundary using
In order to understand better the metric structure of the boundary we perform a bulk local Lorentz transformation that leaves dr/r invariant and expand this for small r so that we can read off the induced transformation on the boundary vielbeins. The result is that they transform under the contracted Lorentz group consisting of rotations and Galilean boosts as
where Λ 
where ∇ (0)ab . We will choose the symmetric part of Γ T c (0)ab to take the same functional form as it does for Newton-Cartan geometry [19, 20] 
with
b . This choice is naturally suggested by the null reduction [21, 22] of the 5D boundary metric.
Equation (20) then implies that the torsion is
These two choices define what we mean by torsional Newton-Cartan geometry (TNC). It has the property that the degenerate metrics satisfy ∇ Boundary Conditions. We distinguish three types of asymptotically Lifshitz space-times depending on the behavior of τ (0)a . When dτ (0) = 0 the boundary geometry is ordinary Newton-Cartan, i.e. no torsion. In this case there is an asymptotic scale symmetry and locally τ (0)a = ∂ a t where t is absolute time. We call these solutions asymptotically Lifshitz (ALif). When τ (0) ∧dτ (0) = 0 we call, following [4] , the solutions asymptotically locally Lifshitz (AlLif). In this case τ (0)a defines hypersurfaces of absolute simultaneity but there is no absolute time. Finally, since the equations of motion also admit solutions with τ (0) ∧ dτ (0) = 0 we refer to these as the Lifshitz UV (see table I ). 
Vevs and Ward identities.
Computing the variation of the renormalized 4D onshell action, obtained from (1) by our dimensional reduction, we find
where we varied with respect to the inverse vielbeins. The term proportional to δΦ (0) contains contributions involving other vevs due to the appearance of Φ (0) in (12)- (14). By reducing the variation of the 5D action (1) and going on-shell we obtain the following relation between 5D and 4D vevs
together with the relations
where S We derive the remaining Ward identities by reducing the 5D Penrose-Brown-Henneaux transformations [23, 24] that leave the form of the FG expansion form invariant. This leads to three sets of local symmetries: boundary diffeomorphisms obtained by transforming the sources as boundary tensors, gauge transformations
and anisotropic Weyl transformations [25] 
where X (0) is any of the sources listed in the first row of table II and λ is the weight. To obtain the transformation properties of the 4D vevs we use (27) - (28) together with the PBH transformation oftâb. The boundary stress-energy tensor is
which is gauge invariant (see also [3, 26] The boundary covariant form of the Ward identities for gauge, anisotropic Weyl and diffeomorphism invariance are then given by
where ∇ T (0)a is defined just below (23) and where
is the boundary massive vector field. Using a TNC analogue notion of boundary conformal Killing vectors it is possible to define boundary conserved currents [15] . The anisotropic Weyl anomaly A (0) takes the form of a Horava-Lifshitz action on TNC (as opposed to a Lorentzian geometry) [15] . Counting all sources and vevs and subtracting local symmetries/Ward identities we end up with 6+6 sources and vevs. (27) . This is the vev of an irrelevant operator h (0)uu that had to be switched off in order to have a z = 2 Lifshitz UV. Switching it on modifies the UV but not the IR as can be seen from the solution 
with χ and φ = log g s constant. For small r (UV) this is a θ = −1 and z = 1 hyperscaling geometry and for large r (IR) this is our z = 2 Lifshitz geometry. Expanding around r = ∞ an irrelevant mode with fall off r −2
appears. The 5D uplift hasĥ (0)uu > 0.
Discussion. We expect the TNC boundary geometry to be universal in Lifshitz holography for all values of z > 1 since the argument of the contraction of the bulk local Lorentz group works for any z > 1. Further, many other features of our setup, such as the role of the boundary gauge field and the benefit of using a non-radial gauge could play an important role in the development of Lifshitz holography. Finally, we expect these results to be relevant for a fluid/gravity type derivation of Lifshitz hydrodynamics [27] which has potential applications to holographic realizations of Son's model for the effective theory of the fractional quantum Hall effect that relies on Newton-Cartan geometry [28] .
